have recently described a novel role for pregnancy-upregulated nonubiquitous calmodulin kinase (Pnck) in the induction of ligand-independent epidermal growth factor receptor (EGFR) degradation (Deb TB, Coticchia CM, Barndt R, Zuo H, Dickson RB, and Johnson MD. Am J Physiol Cell Physiol 295: C365-C377, 2008). In the current communication, we explore the probable mechanism by which Pnck induces ligand-independent EGFR degradation. Pnck-induced EGFR degradation is calcium/ calmodulin independent and is regulated by cell density, with the highest EGFR degradation observed at low cell density. Pnck is a novel heat shock protein 90 (Hsp90) client protein that can be coimmunoprecipitated with Hsp90. Treatment of Pnck-overexpressing cells with the pharmacologic Hsp90 inhibitor geldanamycin results in enhanced EGFR degradation, and destruction of Pnck. In cells in which Pnck is inducing EGFR degradation, we observed that Hsp90 exhibits reduced electrophoretic mobility, and through mass spectrometric analysis of immunopurified Hsp90 protein we demonstrated enhanced phosphorylation at threonine 89 and 616 (in both Hsp90-␣ and -␤) and serine 391 (in Hsp90-␣). Kinase-active Pnck protein is degraded by the proteasome, concurrent with EGFR degradation. A Pnck mutant (T171A) protein with suppressed kinase activity induced EGFR degradation to essentially the same level as wild-type (WT) Pnck, suggesting that Pnck kinase activity is not required for the induction of EGFR degradation. Although EGFR is degraded, overexpression of WT Pnck paradoxically promoted cellular proliferation, whereas cells expressing mutant Pnck (T171A) were growth inhibited. WT Pnck promoted S to G 2 transition, but cells expressing the mutant exhibited higher residency time in S phase. Basal MAP kinase activity was inhibited by WT Pnck but not by mutant T171A Pnck protein. Cyclin-dependent kinase (Cdk) inhibitor p21/Cip-1/Waf-1 was transcriptionally suppressed downstream to MAP kinase inhibition by WT Pnck, but not the mutant protein. Collectively, these data suggest that 1) Pnck induces ligand-independent EGFR degradation most likely through perturbation of Hsp90 chaperone activity due to Hsp90 phosphorylation, 2) EGFR degradation is coupled to proteasomal degradation of Pnck, and 3) modulation of basal MAP kinase activity, p21/Cip-1/ Waf-1 expression, and cellular growth by Pnck is independent of Pnckinduced ligand-independent EGFR degradation. epidermal growth factor receptor; calmodulin kinase; pregnancyupregulated nonubiquitous calmodulin kinase; mitogen-activated protein kinase; p21; heat shock protein 90
previously reported to be expressed in the normal mammary gland during late pregnancy (12) and also in a subset of human breast cancer tissues but not in adjoining benign tissues (12) . Pnck is not closely related to the other members of the calmodulin kinase family, sharing only modest sequence similarity with the kinase domain of calmodulin kinase I (13) . Expression of Pnck in the mammary gland during late pregnancy was found to be associated with reduced proliferation and terminal differentiation of the gland (12) ; however, the mechanism underlying this phenotype is unknown. Similarly, the significance of Pnck overexpression in human breast cancer (12) is still unknown.
Epidermal growth factor (EGF) receptor (EGFR), the prototypic member of the ErbB growth factor receptor family (31, 37, 70) , is widely expressed in normal tissue and overexpressed/overactivated in a number of malignant tissues, such as brain, lung, renal, and breast cancer (17, 30, 53, 59) . Signaling through EGFR (also known as HER-1/ErbB1) is initiated by the binding of its respective ligands, such as EGF, transforming growth factor-␣, HB-EGF, etc., followed by homo-or heterodimerization with other members of the ErbB family, namely, ErbB2/HER-2, ErbB3/HER-3, or ErbB4/HER-4. EGFR signaling is vital for normal physiologic processes in several tissues and activates prosurvival and proproliferative biochemical processes, such as MAP and Akt kinase activation (70) . The overexpression and overactivation of EGFR is associated with poor outcome in several cancers and, as a consequence, much work has been done to develop EGFR as a therapeutic target in the management of human cancer. EGFR is ubiquitinated by the E3-ubiquitin ligase, c-Cbl (28, 14, 60) , followed by degradation by the protea-lysosomal machinery in a liganddependent fashion (28) , through a mechanism that has been well described. EGFR is also known to be degraded in a ligand-independent manner; however, little information about the mechanisms involved in this process is currently available.
Heat shock protein 90 (Hsp90) is a cellular chaperone that is normally involved in the postsynthesis folding and stabilization of many cellular proteins collectively known as "clients" (40, 43, 44, 46) . In cancer cells, several overexpressed, oncogenic proteins, both mutant and normal, depend heavily on the action of Hsp90 for their ability to promote uncontrolled cellular growth and proliferation (39, 64) . The chaperone activity of Hsp90 is ATP dependent (18, 38, 42, 44, 46) , and pharmacologic Hsp90 inhibitors, such as geldanamycin, 17-AAG, and 17-DMAG, bind to the ATP-binding pocket and inhibit chaperone activity (50) . Among the ErbB family members, both newly synthesized and mature ErbB2/HER-2 depend strongly on Hsp90 for chaperoning, and ErbB2 is degraded in cells treated with geldanamycin and its derivatives (34, 66, 67) . Less information is available on the role of Hsp90 in the chaperoning of wild-type (WT) EGFR. It has been shown that nascent WT EGFR is degraded in cells treated with geldanamycin (60) while the mature form of the protein does not appear to require Hsp90 chaperoning activity (68) . In contrast, mutant EGFR was shown to form a complex with Hsp90 (57) and to be susceptible to geldanamycin treatment (25, 57, 66) .
In a recent study we described a novel role for Pnck in the degradation of EGFR and demonstrated that Pnck-mediated EGFR degradation occurs independent of EGFR tyrosine kinase activity and does not require EGFR ligand binding (6) . In the present study we have extended this work to explore the mechanism underlying Pnck-induced ligandindependent EGFR degradation. We show that Hsp90 apparently plays a prominent role in maintaining EGFR stability and that this activity is regulated by the Hsp90 phosphorylation state. We explore the potential role of Pnck in the phosphoregulation of Hsp90 activity and propose that Pnck-induced Hsp90 phosphorylation favors EGFR degradation following dissociation of the receptor from the Hsp90 chaperone heterocomplex. Furthermore, we show that the modulation of cellular proliferation by Pnck is not mediated by Pnck-induced EGFR degradation.
MATERIALS AND METHODS

Plasmid constructs, site-directed mutagenesis, generation and propagation of stable transfectant cell clones.
The preparation of the hemagglutinin (HA)-tagged human Pnck cDNA expression construct and the generation of stable HEK-293 cell clones expressing the HA-tagged Pnck protein (and Neo control clones) have been previously described (6) . Stable clones were maintained in high-glucose DMEM (catalog no. 10-013 CV, Mediatech) supplemented with 10% heat-inactivated fetal bovine serum (FBS) without G-418 and were used for experiments within a few passages of their isolation. The mutant HA-Pnck (T171A) plasmid was generated by site-directed mutagenesis using a commercial kit according to the manufacturer's protocol (Stratagene) and verified by sequencing. Human embryonic kidney 293 (HEK-293) cell clones expressing the mutant HA-Pnck construct (T171A) were selected using G-418 as previously described for the original construct (6) .
Antibodies and pharmacologic inhibitors. Monoclonal antibodies against human EGFR (Ab-15) and Ab-1 (clone 528) were purchased from NeoMarkers (currently Thermo Scientific). An anti-Pnck rabbit polyclonal antibody (catalog no. AP7097a) was purchased from Abgent. An Hsp90-␣/␤ mAb (F-8) and anti-EGFR pAb (1005) were purchased from Santa Cruz Biotechnology, and the following antibodies were purchased from Stressgen: anti-Hsc70 pAb, anti-p23 pAb, anti-Hsp70 pAb, and anti-Hop (p60) mAb. The anti-Hsp27 mAb was purchased from Assay Designs. The phospho-MAPK pAb and phospho-EF-2 pAb were from Cell Signaling Technology. The ␤-actin monoclonal antibody was purchased from Sigma, and a pan-ERK mAb was from Pharmingen. The following pharmacologic inhibitors were purchased from Biomol (now Enzo Life Sciences): MG-132, BAPTA-AM, W-7, and geldanamycin.
Cell lysis, Western blot analysis, immunoprecipitation, and immunokinase assay. Cell lysis, Western blot analysis, immunoprecipitation, and immunokinase procedures were conducted as previously described (6) . Briefly, cells were lysed in a buffer containing 1% Triton X-100 (8) and the protein concentration in the lysates was determined by BCA Protein Assay Reagent (Pierce). Equal amounts of total protein were resolved by SDS-PAGE, transferred to polyvinylidene difluoride membrane, immunoblotted with the respective primary antibodies followed by horseradish peroxidase-conjugated secondary antibodies, and finally visualized using enhanced chemiluminescence reagent and X-ray film. For immunoprecipitation, precleared lysates were incubated with primary antibodies followed by GammaBind G Sepharose beads (GE Healthcare) which were washed three times in lysis buffer. Immunokinase assays were performed as previously described (6) .
Hsp27 short hairpin RNA lentivirus preparation and cell infection. Hsp27 short hairpin RNA (shRNA) lentiviral constructs were purchased from Open Biosystems Thermo Scientific (Huntsville, AL). Plasmid DNA was prepared using the HiSpeed Plasmid Midi Kit (Qiagen, Valencia, CA) and checked for quality and quantity by agarose gel electrophoresis and a NanoDrop ND-1000 spectrophotometer (Thermo Scientific, Wilmington, DE). HEK-293T cells were cotransfected with the shRNA constructs, together with pHR=⌬8.2 and pCMV-VSV-G plasmids using FuGENE 6 (Roche, Indianapolis, IN). Viral supernatants were collected 48 h after transfection, and viral titer was determined by limiting dilution. Experimental cells were infected with viral supernatants supplemented with polybrene (6 g/ml). After 24 h the virus was removed and replaced with regular media.
Mass spectrometry. Low-density monolayer cultures of Neo, HAPnck, and T171A HA-Pnck HEK-293 cells were lysed in lysis buffer (8) , and protein concentrations were determined. Hsp90 was then immunoprecipitated from lysate samples adjusted to contain equal amounts of total protein using an anti-Hsp90 mAb (Santa Cruz Biotechnology). Five percent of each immunoprecipitate was reserved for subsequent SDS-PAGE and immunoblot analysis to verify the specificity of the immunoprecipitation. The remaining 95% of each sample was resolved by SDS-PAGE and stained with Coomassie Blue G-250. Mass spectrometric analysis of immunoprecipitated Hsp90 was performed using a two-step process. 1) First, the protein bands of interest were manually excised from the gel, transferred to the wells of a Montage filter plate (Millipore), destained with 50% acetonitrile in 25 mM ammonium bicarbonate, dehydrated with acetonitrile for 5 min, and vacuum dried. The gel pieces were then rehydrated with 15 l of ammonium bicarbonate: acetonitrile (25 mM: 10%) supplemented with trypsin (5 ng/l, Promega, Madison, WI) and subjected to in-gel trypsinization by incubation at 37°C for 16 h. After digestion, the tryptic peptides were extracted in 0.1% trifluoroacetic acid-80% acetonitrile and dried under vacuum. 2) Second, the resultant peptide samples were subjected to nano-LC-MS/MS analysis using a nano Acquity UPLC system (Waters) interfaced with a QSTAR ELITE mass spectrometer (Applied Biosystems). The samples were reconstituted in solvent A (98% acetonitrile, 2% water, and 0.1% formic acid). The nanoflow UPLC system was used to deliver sample at a flow rate of 300 nl/min, and chromatographic separation was accomplished using a nano Acquity UPLC BEH C18 column (Waters). Sequential elution of peptides was accomplished using a linear gradient from 5% solvent A to 60% solvent B (98% acetonitrile, 2% water and 0.1% formic acid) over 60 min. The mass spectrometer was operated in positive ion mode with a resolution of 10,000 -12,000 at full width half-maximum for the Q STAR Elite using a source temperature of 200°C. For MS/MS analysis, survey scans were acquired from m/z 300 to 1,500 with up to three precursors selected for MS/MS from m/z 100 to 2,000 using dynamic exclusion, and rolling collision energy was used to promote fragmentation.
Cell proliferation assay. Cell proliferation assays were conducted by plating the cells in 60-mm BD Biocoat dishes at low densities in complete medium. The cells were allowed to grow for the indicated periods, after which they were trypsinized and counted using a hemocytometer.
Cell cycle analysis. Cell cycle analysis was performed using propidium iodide staining of DNA followed by flow cytometry-based analysis of distribution of cells at the different phases of the cell cycle. In brief, cells were plated at low cell densities and synchronized at either the S phase by the addition of thymidine (5 mM) for 48 h, or the G2 phase by nocodazole treatment (50 ng/ml) for 16 h, then washed twice and released by culture in complete medium. The cells were trypsinized and fixed in 75% ethanol at the indicated time points after release, stained with propidium iodide, and analyzed by the Flow Cytometry Shared Resource at the Lombardi Comprehensive Cancer Center.
Total RNA isolation and quantitative real-time polymerase chain reaction. Total RNA was isolated using TRIzol reagent (Invitrogen, Carlsbad, CA) and the RNeasy kit (Qiagen) according to the manufacturer's instructions. One microgram of total RNA was reverse transcribed in a total volume of 20 l using the high-capacity cDNA reverse transcription kit (Applied Biosystems, Foster City, CA) per the manufacturer's instruction and subsequently diluted to 500 l with sterile water. Quantitative, real-time PCR was performed in 20-l reactions using 1ϫ SYBR green PCR master mix (Applied Biosystems), 125 nM each of forward and reverse primers, and 5 l of diluted cDNA, using an ABI Prism 7900 HT Sequence Detection System (Applied Biosystems) for 40 cycles (95°C for 15 s, 60°C for 1 min) following initial 10-min incubation at 95°C. The fold change in expression of transcripts was calculated using the ⌬⌬Ct method (where Ct is cycle threshold), with the ribosomal protein 36B4 mRNA as the internal control. The primer sequences used were as follows: p21 forward, 5=-TGGAGACTCTCAGGGTCGAAA-3=; p21 reverse, 5=-GGCGTTTGGAGTGGTAGAAAT-3=; 36b4 forward, 5=-GT-GTTCGACAATGGCAGCAT-3=; 36b4 reverse, 5=-GACACCCTC-CAGGAAGCGA-3=.
RESULTS
Pnck-induced EGFR degradation is calcium/calmodulin independent.
Based on analysis of its primary amino acid sequence, Pnck was previously classified as a novel calcium/ calmodulin kinase with a calmodulin binding regulatory domain at the COOH terminus (13) . To determine whether the ligand-independent EGFR degradation activity of Pnck that we previously described (6) is dependent on calcium and calmodulin, the known allosteric regulators for activation of a typical calmodulin kinase, we pretreated both Neo and HA-Pnck cells with a specific intracellular calcium chelator, BAPTA-AM, and a pharmacologic calmodulin antagonist, W-7 ( Fig. 1, A and B) . Stable Neo and HA-Pnck HEK-293 cells were pretreated with either vehicle (DMSO) or inhibitors and subsequently stimulated without or with EGF. EGFR, HA-Pnck, and activated MAP kinase levels in cell lysates were monitored by immunoblotting. EGFR levels were significantly lower in vehicle (DMSO)-treated HA-Pnck cells compared with Neo cells, consistent with the Pnck-mediated ligand-independent EGFR degradation previously observed (6) Treatment of HA-Pnck-overexpressing cells with W-7 also did not result in any appreciable change in ligand-independent EGFR expression (Fig. 1B , WB: EGFR, lanes 4 and 10) and EGF-induced MAP kinase activity (Fig. 1B , WB: P-MAPK, lanes 5 and 11), implying that Pnck-regulated ligandindependent EGFR degradation and EGF-induced MAP kinase activation are calmodulin independent. We also examined the (Fig. 1A, lanes 3 and  6) , and this induction was slightly enhanced by BAPTA-AM treatment (Fig. 1A, lanes 9 and 12) . W-7 treatment also slightly increased the serum-induced MAP kinase activation in Neo cells (Fig. 1B, lanes 3 and 9) and in the HA-Pnck cells (Fig. 1B, lanes  6 and 12) , indicating a calcium/calmodulin regulation of seruminduced MAP kinase activity in both Neo and HA-Pnck cells. Together, these data suggest that Pnck requires neither calcium nor calmodulin to be able to induce ligand-independent EGFR degradation.
Elongation factor 2 (EF-2) is phosphorylated by EF-2 kinase, a calcium/calmodulin kinase that is negatively regulated by calcium/calmodulin. Growth factor-induced mobilization of calcium/calmodulin inactivates EF-2 kinase (49), resulting in inhibition in EF-2 phosphorylation, and so we monitored P-EF-2 levels to verify the effectiveness of the BAPTA-AM and W-7 treatments. Treatment of Neo cells with EGF causes a dramatic reduction in P-EF-2 levels (Supplemental Fig. S1 , WB: P-EF-2, lanes 2 or 10; Supplemental Material for this article is available online at the Journal website), and this suppression is strongly blunted by treatment with BAPTA-AM (lane 6), or W-7 (lane 14), demonstrating that both of these agents are able to permeate the Neo cells and block calcium/ calmodulin activity. Interestingly, expression of HA-Pnck itself reduces the EGF-induced suppression of P-EF-2 levels (WB: P-EF-2, lanes 4 or 12), but treatment with BAPTA-AM and W-7 enhances this effect, demonstrating the efficacy of the treatments (lanes 8 and 16) . Collectively, these data indicate that Pnck-induced ligand-independent EGFR degradation is not regulated by either calcium or calmodulin.
Pnck enhances the degradation of EGFR caused by treatment with the Hsp90 inhibitor geldanamycin and is itself an Hsp90 client. In contrast to the extensive studies of liganddependent EGFR degradation that have elucidated the central role played by c-Cbl, an E3-ubiquitin ligase, little mechanistic information is available in the literature regarding ligandindependent EGFR degradation. Treatment of cells with the pharmacologic Hsp90 inhibitor geldanamycin was previously shown to result in the degradation of nascent EGFR but not that of mature membrane integrated WT EGFR (52, 60) . Given these data, and the apparent role of Pnck in EGFR degradation, we hypothesized that Pnck's activity might be linked with Hsp90 chaperone function and that Pnck's proximity to Hsp90 as a client might allow it to regulate Hsp90 function. To determine whether Pnck is itself an Hsp90 client, we treated both Neo and HA-Pnck HEK-293 cells with or without the specific pharmacologic Hsp90 inhibitor geldanamycin, prepared cell lysates, and examined the levels of Pnck in the lysates. As hypothesized, geldanamycin treatment resulted in the almost complete loss of HA-Pnck protein, possibly due to proteasomal degradation of the protein (6) ( Fig. 2A, lane 4) , strongly suggesting that Pnck is indeed a novel Hsp90 client protein. We next set out to test whether Pnck induces enhanced EGFR degradation in geldanamycin-pretreated HA-Pnck cells and to determine whether this enhanced EGFR degradation is reflected in the suppression of EGF-induced MAP kinase activation. Neo and HA-Pnck cells were serum starved, preincubated in the presence or absence of geldanamycin, and then stimulated with or without EGF. As a control for geldanamycin activity, we first analyzed the level of Hsc70 in the lysates since this protein is known to be transcriptionally upregulated in response to geldanamycin. As expected, Hsc70 levels were elevated after geldanamycin treatment in both Neo and HAPnck cells ( Interestingly, when we examined the effects of geldanamycin on HA-Pnck in this experiment, we did not observe significant suppression of HA-Pnck levels (Fig. 2B , WB: HA-Pnck, lanes [5] [6] [7] [8] , in stark contrast to the pronounced geldanamycininduced degradation of HA-Pnck previously observed ( Fig. 2A , WB: HA-Pnck, lane 4). This was a consistent and puzzling finding, and on examination of the design of the two experiments we found that the only difference (Fig. 2, A and B) was that the geldanamycin was added to the cells in the presence of serum in the first experiment ( Fig. 2A ), but only after serum starvation in the second experiment (Fig. 2B ). This led us to hypothesize that HA-Pnck is associated with Hsp90 in the presence of serum, but that during serum starvation, the HAPnck protein largely dissociates from the Hsp90 such that when the geldanamycin subsequently interacts with the Hsp90 ATPbinding pocket, the HA-Pnck is not available for degradation. HA-Pnck, lanes 7 and 8). Despite the geldanamycin-induced loss of Pnck, it is interesting to note that the synergy between geldanamycin and HA-Pnck for the induction of unliganded EGFR degradation was maintained and EGFR levels are suppressed as observed in experiment 2B (Fig. 2D , WB: EGFR, lanes 3 and 7). Thus, although the HA-Pnck is itself being degraded it is able to suppress EGFR levels and act synergistically with pharmacologic Hsp90 inhibition to inhibit EGFinduced MAP kinase activity ( One possible explanation for this apparent paradox may relate to the observation that, even though Pnck levels are suppressed by the treatment with geldanamycin under these conditions, the protein is still readily detectable (Fig. 2D , WB HA-Pnck lanes 7 and 8) and it may be that sufficient protein still remains to synergistically suppress EGFR levels.
Pnck expression suppresses the level of the ATP-independent small heat shock chaperone Hsp27; however, this suppression does not explain the Pnck-induced suppression of EGFR levels. Pnck's association with Hsp90 and the combined effect of Pnck and geldanamycin suppressing EGFR levels suggested that Pnck might be impacting the ATP-dependent Hsp90 chaperone complex. We were also intrigued by a recent report in which small heat shock protein 27 (Hsp27), an ATP-independent chaperone, was shown to modulate geldanamycin sensitivity (33) . In this report, geldanamycin sensitivity was significantly enhanced by inhibition of Hsp27 expression by short interfering RNA (siRNA)-mediated knockdown. We argued that since Pnck's effect was similar to that of geldanamycin, it might also downregulate Hsp27 levels, or the levels of other components of the chaperone complex, and thereby enhance geldanamycin's effect on EGFR degradation. We therefore analyzed the expression of a panel of chaperone proteins, such as Hsp90, Hsp70, Hsc70, Hop, p23, and Hsp27, in both Neo and HA-Pnck HEK-293 cells. Interestingly, although the levels of most of the chaperone proteins studied were not different between Neo and HA-Pnck cells (Hsp70, Hsc70, Hop, and p23), the level of Hsp27 protein was significantly (P Ͻ 0.005) reduced in the HA-Pnck cells by Ͼ50% of the level in the Neo cells (Fig. 3A) . To directly test the role that Hsp27 downregulation might play in Pnck-mediated EGFR degradation, parental HEK-293 cells were transiently transduced with several Hsp27-targeting shRNA lentiviral constructs. Cell lysates were then prepared and analyzed for Hsp27 and EGFR levels (Fig. 3B) . Interestingly, although several of the shRNA constructs were able to efficiently suppress Hsp27 levels (shRNA 3 and 5, Fig. 3B, lanes 4 and 6) , EGFR levels in the cells were unaltered by transduction with any of the constructs (Fig. 3B , WB: EGFR). This suggests that although Hsp27 is downregulated by Pnck, downregulation of Hsp27 alone is not sufficient to mimic Pnck-induced EGFR degradation.
The Pnck-induced ligand-independent suppression of EGFR levels is cell density dependent. While conducting these experiments, we repeatedly observed that the degree of EGFR level suppression produced by Pnck varied from experiment to experiment depending on cell density at the time of harvest. To explore this phenomenon, both Neo and HA-Pnck cells were plated at different cell densities starting at a very low plating density of 10,000 cells/cm 2 , and increasing in twofold increments up to 200,000/cm 2 . Cells were lysed after 48 h and EGFR levels were analyzed in the lysates. As can be seen in Fig. 4A , suppression of EGFR levels by HA-Pnck was strongest at the lowest cell density, and this suppression became weaker with increasing cell density so that EGFR levels in the HA-Pnck cells approached those in the Neo cells at the highest cell density (Fig. 4A , WB: EGFR, lanes [6] [7] [8] [9] [10] . In contrast, there was only a very modest effect of cell density on EGFR levels in the Neo cells. Interestingly, HA-Pnck levels followed a similar pattern to that of EGFR in the HA-Pnck cells, with a gradual increase in protein level with cell density (Fig. 4A , WB: HA-Pnck). We have previously shown that exogenous Pnck mRNA levels are not significantly altered with changing cell density and that Pnck protein undergoes proteasomal degradation in cells in which it is promoting EGFR degradation (6) . Thus, the increase in Pnck levels might result from suppression of Pnck proteasomal degradation at high cell density. We also noticed that there was a slight but consistent decrease in the electrophoretic mobility of Hsp90 at all cell densities in the HA-Pnck cells, suggesting that Hsp90 is posttranslationally modified in these cells. (Fig. 4A , WB: Hsp90, lanes [6] [7] [8] [9] [10] . In contrast to Hsp90, Hsp70 mobility did not appear to be altered in either Neo or HA-Pnck cells, irrespective of cell density, implying that this effect on protein motility was specific for Hsp90. Hsp70 protein levels, however, were slightly increased in HA-Pnck cells at all densities. Overall, these data indicated that the induction of ligand-independent EGFR degradation by Pnck is negatively modulated with increasing cell density, with the highest suppression of EGFR levels at the lowest cell density.
To begin to explore the mechanism underlying the restoration of EGFR levels at high cell density in HA-Pnck cells, we tested how the phenomenon is related to EGF signaling. Duplicate dishes of both Neo and HA-Pnck cells were plated at three increasing cell densities, serum starved, and then stimulated without or with EGF. Lysates were analyzed for activated MAP kinase, EGFR, HA-Pnck, and MAP kinase levels. As observed before, the lowest levels of EGFR, in the absence of ligand, were seen at the lowest densities of HA-Pnck cells, and levels gradually increased with cell density (Fig. 4B , WB: EGFR, lanes 7, 9, and 11). Again, EGFR levels did not remarkably increase with density in the Neo cells in the absence of ligand (Fig. 4B, WB: EGFR, lanes 1, 3, and 5) . As before, HA-Pnck levels also increased with cell density (Fig.  4B , WB: HA-Pnck, lanes [7] [8] [9] [10] [11] [12] . However, despite the increased levels of EGFR in HA-Pnck cells at high density in the absence of EGF, when the cells were treated with the ligand, EGF-induced MAP kinase activation was paradoxically found to be lowest in HA-Pnck cells at the highest cell density (Fig.  4B, WB: P-MAPK lanes 8, 10, and 12) . We considered the possibility that this might be due to the cell density-induced EGFR being unable to signal appropriately due, for example, to sequestration away from the plasma membrane; however, this seems very unlikely since these receptors appear able to bind EGF as seen by the efficient, ligand-induced degradation produced by treatment with EGF in the HA-Pnck cells (Fig. 4B,  WB: EGFR, lanes 8, 10, and 12) . A transient (3 min) stimulation of these HA-Pnck cells at the highest density with EGF also showed strong EGF-induced tyrosine phosphorylation of EGFR equivalent to that in the Neo cells (Fig. 4C , IP: pY, WB: EGFR, lanes 2 and 4) . We therefore suspect that EGF-induced MAP kinase signaling is suppressed at very high cell density 6) in complete medium using polybrene. Medium was removed after 24 h, and the cells were supplemented with fresh medium. Cells were lysed after an additional 24 h, and equal amounts of total lysate were immunoblotted for EGFR (WB: EGFR), Hsp27 (WB: Hsp27), and Hsp90 (WB: Hsp90) expression.
due to modulation of some other component of the MAP kinase signaling pathway downstream of EGFR, the identity of which is currently not known.
Pnck-induced EGFR degradation is not dependent on Pnck kinase activity. In our previous report we observed Pnck kinase activity in cells in which EGFR was undergoing ligand-independent EGFR degradation (6) . Since Pnck also undergoes proteasomal degradation concomitant with ligand-independent EGFR degradation (6), we hypothesized that Pnck kinase activity is required for EGFR degradation and so set out to evaluate the role of Pnck kinase activity in the induction of EGFR degradation, in the context of different cell densities.
Cells were plated at several densities and lysates were prepared for analysis in immunoblot and immunoprecipitation kinase assays as previously described (6) . As in the previous experiments, immunoblotting of the lysates revealed that EGFR levels were suppressed in Pnck-expressing cells plated at low cell densities due to Pnck-induced degradation, whereas at higher cell densities, EGFR degradation was suppressed (Fig. 5A, WB:  EGFR, lanes 2-4) . HA-Pnck protein levels, as expected, were lowest in the cells at low cell density (WB: Pnck, lane 2) and higher in cells at high density (WB: Pnck, lanes 3 and 4) . It proved to be difficult to immunoprecipitate sufficient Pnck for easy detection by Western blot analysis from the cells plated at low density (IP: HA, WB: Pnck, lanes 2 and 3) ; however, when the precipitates were evaluated in the kinase assay, detectable kinase activity was observed at the size expected for Pnck (Fig.  5A, top, phospho-Pnck, lanes 2 and 3) . At high cell densities, however, Pnck was readily immunoprecipitated from the cell extracts (IP: HA, WB: Pnck, lane 4) and strong kinase activity was detected in the corresponding immunoprecipitate (Fig. 5A , top, phospho-Pnck, lane 4). Pnck undergoes proteasomal degradation at low cell densities, and pretreatment of the cells with the specific proteasomal inhibitor MG-132 (WB: Pnck, lanes 5 and 6) resulted in the immunoprecipitation of more Pnck (IP: HA, WB: Pnck, lanes 5 and 6) and in correspondingly higher Pnck kinase activity (Fig. 5A , top, phospho-Pnck, lanes 3 and 6) with a smear of higher-molecular-weight phosphoproteins, characteristic of ubiquitinated proteins destined for proteasomal degradation. These data suggest that kinase-active Pnck is simultaneously degraded by the proteasome concurrent with the protea-lysosomal degradation of EGFR.
As mentioned above, Pnck has limited sequence similarity to calmodulin kinase I, which is restricted to the catalytic domains of the enzymes (13). Haribabu et al. (15) demonstrated that mutation of Thr177 to alanine in human calmodulin kinase I blocked both the phosphorylation and the specific kinase activity of the enzyme (15) . Furthermore, activation loop 1 and 6) 9) , and 200,000 cells/cm 2 (lanes 5 and 10) and allowed to grow for 48 h. Cells were lysed, and equal amounts of total protein were immunoblotted for EGFR (WB: EGFR), HA-Pnck (WB: HAPnck), Hsp90 (WB: Hsp90), and Hsp70 (WB: Hsp70). A nonspecific band (NS) appears above the HA-Pnck band. B: effect of cell density on EGFinduced MAP kinase activation. Neo (lanes 1-6) and HA-Pnck (lanes 7-12) HEK-293 cells were plated at increasing cell densities in duplicate plates and grown for 24 h, followed by serum starvation for 12 h. Cells then were treated without (lanes 1, 3, 5 , 7, 9, and 11) or with 10 nM EGF (lanes 2, 4, 6, 8, 10 , and 12) for 5 min and lysed. Lysates were immunoblotted for EGFR (WB: EGFR), HA-Pnck (WB: HA-Pnck), P-MAPK (WB: P-MAPK), and MAPK (WB: MAPK) expression. Experiments were repeated multiple times, and a representative experiment is presented. C: EGF-induced tyrosine phosphorylation of EGFR at high cell density in Neo and Pnck cells. Neo (lanes 1 and  2) and HA-Pnck cells (lanes 3 and 4) were plated at high cell density and grown for 24 h followed by serum starvation for 12 h. Cells were stimulated without (lanes 1 and 3) or with (lanes 2 and 4) 10 nM EGF for 3 min and lysed. Equal amounts of total proteins were immunoprecipitated with antiphosphotyrosine antibodies, and immunoprecipitates were immunoblotted with anti-EGFR antibodies (IP: pY, WB: EGFR). Lysates were immunoblotted for P-MAPK, MAPK, EGFR [short exposure (SE) and long exposure (LE)], and Pnck. phosphorylation at Thr177 was previously shown to strongly determine the peptide substrate specificity of calmodulin kinase I (16) . Through homology alignment of the human calmodulin kinase I and human Pnck primary sequences, we tentatively identified amino acid Thr171 in Pnck as being equivalent to Thr177 in calmodulin kinase I. We used sitedirected mutagenesis to convert Thr171 to alanine with the goal of examining the role of Pnck kinase activity in the induction of EGFR degradation. HEK-293 cell clones stably transfected with the T171A mutant were generated, and initial experiments were conducted to verify that the T171A mutant has impaired kinase activity. Lysates were prepared from Neo, HA-Pnck, and HA-Pnck-T171A cells grown at high density for immunoblot and IP-kinase assay as before. Although both HA-Pnck and the T171A mutant were readily immunoprecipitated from the lysates, significant kinase activity was only detected in the HA-Pnck sample, even though the levels of the mutant protein were, if anything, higher in both the lysates and the immunoprecipitates (Fig. 5B) . To assess the ability of the T171A mutant to induce the degradation of EGFR, lysates were prepared from the Neo control cells, from cells expressing the mutant, and from the WT HA-Pnck cells grown both at low and high cell densities to evaluate EGFR and Pnck levels (Fig. 5C ). As before, expression of WT HA-Pnck at low cell density resulted in substantial suppression of EGFR levels (Fig. 5C, WB: EGFR, lane 2) . Interestingly, EGFR levels were suppressed to essentially the same extent in the cells expressing the T171A mutant Pnck, suggesting that Pnck-induced EGFR degradation is not regulated by Pnck kinase activity (Fig. 5C , WB: EGFR, lane 3). Again, at high cell densities, there was little difference between the effect of WT and T171A mutant Pnck constructs on EGFR levels (Fig. 5C , WB: EGFR, lane 6).
Posttranslational modification of Hsp90 (mass spectrometric analysis of Hsp90). On the basis of the finding that Pnck is an Hsp90 client (Fig. 2) , the intriguing observation that the electrophoretic mobility of Hsp90 is slightly reduced in Pnckoverexpressing HEK-293 cells (Fig. 4) , the finding that Pnck kinase activity is not required for ligand-independent EGFR degradation ( Fig. 5) , and the previous reports that Hsp90 chaperone activity can be modulated by posttranslational modifications including phosphorylation (55), we wondered whether Hsp90 might be posttranslationally modified directly or indirectly by Pnck. To examine this possibility, we immunoprecipitated Hsp90 from both the Neo, HA-Pnck, and T171A Pnck HEK-293 cells and subjected the material to proteomic analysis. Immunoprecipitated materials were resolved on an SDS-PAGE gel and stained with Coomassie Blue G-250. The bands corresponding to a mass of 90 kDa were excised and subjected to in-gel proteolytic digestion, and peptide analysis by nano-LC-MS/MS. Samples from three independent immunoprecipitation experiments were subjected to three rounds of analysis with full scan ion chromatograms recorded in an information-dependent acquisition (IDA) mode 4) were allowed to grow for 48 h and were then lysed. Equal amounts of total protein were assayed for protein levels by immunoblotting [WB: EGFR, WB: Pnck, WB: MAPK (loading control)] and were immunoprecipitated with anti-HA mAb. Half of the immunoprecipitated materials were immunoblotted for Pnck (IP: HA, WB: Pnck) and the remaining half was subjected to immunokinase assay. Kinase reaction products were resolved by SDS-PAGE, transferred to polyvinylidene difluoride membrane, and subjected to autoradiography. Two separate plates of low-density HA-Pnck cells were preincubated with 10 M proteasomal inhibitor, MG-132, overnight and subjected to immunoprecipitation and kinase reactions using similar methods. A representative result from two independent experiments is presented here. B: Pnck T171A mutant exhibits reduced kinase activity. Neo, HA-Pnck, and HA-Pnck T171A HEK-293 cells were plated at high cell density, and lysates were prepared to evaluate protein levels by immunoblotting (lysates-WB: HA-Pnck and MAPK) and for immunoprecipitation. Half of the immunoprecipitated materials were subjected to immunokinase assay (top) and the remaining half was immunoblotted for Pnck (IP: HA, WB: Pnck) as described above. A representative example of two experiments is presented. C: Pnck-induced EGFR degradation is not dependent on Pnck kinase activity. Neo, HA-Pnck, and HA-Pnck T171A HEK-293 cells were plated at low (LD) and high (HD) cell density, and lysates were prepared after 48 h. Equal amounts of total protein were immunoblotted for EGFR (WB: EGFR), HA-Pnck (WB: Pnck) and MAPK (loading control) expression.
to acquire the MS/MS data. The IDA data were then analyzed employing Protein Pilot 3.0 (Applied Biosystems) database search software using the Swiss Prot database. Hsp90-␣ and -␤ were identified with 99% confidence with a sequence coverage of 63%, with 25 associated peptides identified at a confidence of Ͼ95%. The MS/MS spectra were manually validated for the presence of the modification identified by database search. The full scan chromatograms were analyzed to assign the charge state and retention times. The fragmentation spectra of the phosphorylated peptides are shown in Supplemental Fig. S2 along with a more detailed explanation of the analysis. On the basis of this analysis, the results of which are summarized in Table 1 , we established that both HSP90-␣ (accession no. P07900) and Hsp90-␤ (accession no. P08238) were phosphorylated at threonines 616 and 89 (Supplemental Fig. S2, A and B) and Hsp90-␣ at serine 391 in extracts from HA-Pnck cells (Supplemental Fig. S2C) , and that these modifications were not present in extracts from the Neo control cells. Consistent with the findings with the Neo control cells, modification at these residues was also not detected on analysis of Hsp90 immunoprecipitates from the T171A cells (Table 1) .
Pnck promotes cellular proliferation in HEK-293 cells despite inducing EGFR degradation.
From the outset, we noticed that the WT Pnck-expressing cells consistently grew more rapidly than the Neo cells despite the suppressed EGFR levels observed in the Pnck cells. To document this observation, we plated equal numbers of both Neo and Pnck cells and monitored their proliferation by counting the cells after 48, 72, and 96 h. As observed in Fig. 6A , WT Pnck-expressing cells proliferated at a significantly higher rate, resulting in elevated cell numbers at all the time periods examined. In a separate experiment, we examined the relative proliferation of mutant (T171A) cells compared with both the Neo and WT Pnck cells by examining the increase in cell numbers over 96 h. As observed in Fig. 6B , the T171A mutant cells proliferated at a lower rate than the WT Pnck cells, indicating that phosphorylation at Thr171 of Pnck is required for the induction of higher cellular proliferation. Regulation of cellular proliferation is probably independent of the regulation of EGFR degradation by Pnck, since EGFR downregulation was observed in both WT and mutant cells (Fig. 5C) .
WT but not mutant (T171A) Pnck promotes transition from S to G 2 phase of the cell cycle. To examine alterations in the regulation of the cell cycle (if any) that might explain the enhanced growth of WT Pnck-expressing cells, we studied cell cycle progression in all three cell lines (Neo, WT, and mutant T171A Pnck) using thymidine and nocodazole in attempts to induce cell cycle arrest at the S and G 2 phases, respectively, and following their behavior after release from these blocks. As observed in Fig. 7A , while the majority of Neo cells were synchronized at the S phase (94%), far fewer WT Pnck cells (only 75%) were successfully synchronized. Conversely, the T171A mutant Pnck-expressing cells behaved essentially like the Neo cells (95% synchronization), suggesting that WT Pnck promotes S to G 2 phase transition. We monitored the cells up to 4 h following their release to complete medium. Both the Neo and T171A mutant cells remained synchronized up to 4 h and did not progress; however, the WT Pnck cells continuously cycled from the S to G 2 to G 0 /G 1 phases of cell cycle. In a similar fashion, both Neo and WT Pnck cells were completely synchronized at the G 2 phase (100%) by nocodazole treatment, while only 89% of the mutant T171A Pnck cells accumulated in the G 2 phase, leaving 10% cells at the S phase, suggesting that the T171A mutant cells have higher residency time in the S phase than the WT Pnck cells (Fig. 7B) . When all three cell lines were released from the nocodazole, the WT Pnck cells progressed more rapidly than the Neo cells and at 4 h after release, the G 2 fraction of WT Pnck cells (31%) was significantly higher than the Neo cells (20%) while the S phase fraction remained roughly the same (11% in Neo and 13% in WT Pnck cells), again implying a more rapid S to G 2 transition induced by WT Pnck (Fig. 7B) .
Cyclin-dependent kinase inhibitor Cip-1/p21/Waf-1 expression is transcriptionally downregulated by WT Pnck in a MAP kinase-dependent way in HEK-293 cells.
On the basis of these results, we were interested in examining the modulation of cell cycle regulators(s) by Pnck that might be responsible for this effect. The cyclin-dependent kinase (Cdk) inhibitor p21/Cip-1/Waf-1 was previously implicated in modulating cellular behavior in HEK-293 cells (10, 21, 48) , so we immunoblotted lysates from Neo, WT, and mutant (T171A) Pnck-expressing cells for p21 expression. As shown in Fig. 8A , p21 expression was dramatically downregulated in the WT but not mutant Pnck-expressing cells, both at low (LD) and high (HD) cell density (WB: p21, LD and HD, lanes [1] [2] [3] [4] [5] [6] . This effect of Pnck seems to be relatively specific for p21 because another Cip family member, p27, was largely unchanged in WT versus mutant Pnck cells at both cell densities (Fig. 8A, WB: p27,  lanes 1-6) . Although p21 is not a direct Hsp90 client, previous studies have shown formation of a trimeric complex of p21/ Wisp39/Hsp90, which governs posttranslational stability of p21 (20) . Destabilization of this complex by geldanamycin led Table 1 .
LC-ESI-MS profile of the phosphorylated tryptic peptides of Hsp90
Residue Sequence Tryptic digests of heat shock protein 90 (Hsp90) protein were subjected to nanoLC-ESI/MS/MS. Two independent full scan ion chromatograms were recorded in an information-dependent acquisition (IDA) mode to acquire MS/MS data. The IDA data were then analyzed with the Protein Pilot database search software (ABSCIEX) using the Uniprot database. The MS/MS data were analyzed manually to confirm the sequences of the modified and the unmodified forms of the same peptide identified by the database search. The full scan chromatograms were analyzed to assign the charged state and the retention times (RT; in min). The peptides were phosphorylated in the pregnancy-upregulated nonubiquitous calmodulin kinase-wild type (Pnck WT) sample and nonphosphorylated in the Neo and the mutant samples. The 79-Da mass difference between the modified and the unmodified peptides appeared because of the phosphorylation of the serine or threonine residue. The peptide VVDS *EDLPLNISR was found in the Pnck WT sample. The corresponding peptide in the Neo and mutant samples was longer by one amino acid (G) at the NH2 terminus. M ϩ , precursor molecular weight.
to proteasomal degradation of p21. Pretreatment of the cells with the proteasomal inhibitor MG-132 increased the p21 levels in all three cell lines, but the ratio of p21 levels among all cell lines remained the same in both the MG-132-treated and control cells, indicating that the effect of Pnck on p21 levels is not the result of altered proteasomal degradation (Fig.  8B, WB: p21, lanes 1-6) . Ubiquitination of Pnck was observed following MG-132 treatment (as evidenced by the appearance of higher-molecular-weight forms), indicating that it undergoes proteasomal degradation as previously observed (Fig. 8B , WB: Pnck, lanes 4-6) (6). To examine whether Pnck regulates p21 mRNA expression, quantitative real-time-PCR was conducted using RNA extracted from all three cell lines grown at both low and high cell density. As seen in Fig. 8C , WT Pnck robustly reduced p21 mRNA levels by Ͼ80% compared with the Neo cells in cells at both low and high cell density (Fig. 8C) . In contrast, the levels of p21 mRNA in the mutant Pnck (T171A)-expressing HEK-293 cells were not significantly different from those in HEK-293 Neo cells. It is not currently known to what extent this transcriptional downregulation of p21 by WT Pnck depends on p53, because expression of another p53 target, PCNA, was largely unaffected by Pnck expression (Fig. 8A,  WB: PCNA, lanes 1-6) .
On the basis of the previous observation of potential regulation of p21 expression by MAP kinase activity in HEK-293 cells (48) and our observation of Pnck regulation of p21 transcription, we tested Pnck's effect on basal MAP kinase activity in cells growing in serum at both low and high cell densities. Although acute treatment with serum in serumstarved low-density Neo and HA-Pnck cells did not induce significant MAP kinase activation (Fig. 1, A and B) , Neo cells grown continuously in serum had detectable MAP kinase activity and this basal MAP kinase activation was downregulated in WT but not in mutant (T171A) Pnck-expressing cells (WB: P-MAPK, lanes 1-3) . In fact, MAP kinase activity was much more pronounced in mutant T171A cells than even the Neo cells. As previously observed (Fig. 8, A and B) , p21 expression was again downregulated in WT Pnck cells and not in the mutant cells (Fig. 8D) ; in fact, p21 expression was even higher than in the Neo cells, in parallel with the robust MAP kinase activity in the mutant cells (Fig. 8D , WB: P-MAPK, WB: p21, lane 3). Activation of MAP kinase is generally associated with cellular proliferation; however, depending on cellular context, intensity, and duration of MAP kinase activity, other biological outputs, such as cell cycle arrest and differentiation, have previously been observed, and in most cases activated MAP kinase induces such paradoxical phenotypes by inducing p21 protein expression (5, 47, 56, 65) . Our observations of strong MAP kinase activity, increased p21 expression, growth inhibition, and accumulation in the S phase of mutant cells (T171A) but not WT Pnck cells convinced us that the MAP kinase activation was likely responsible for p21 upregulation in mutant cells, and conversely the MAP kinase inactivation/p21 downregulation in WT Pnck-expressing cells. To test this supposition, all cell lines were pretreated with a specific MEK inhibitor, PD98059, and p21 expression was monitored. As seen in Fig. 8D , p21 expression was inhibited in (T171A) mutant Pnck cells (lanes 3 and 6) coincident with MAP kinase inhibition (WB: P-MAPK, lanes 3 and 6), indicating that WT Pnck may be transcriptionally downregulating p21 expression by inhibiting MAP kinase activation.
DISCUSSION
In this communication we have established what is the likely mechanism underlying the ligand-independent degradation of EGFR induced by Pnck, a novel calcium/calmodulin kinase (Supplemental Fig. S3 ). This work is an extension of our previous study, in which we showed that ligand-independent EGFR degradation occurred without a requirement for EGFR tyrosine kinase activity (6), a prime requirement in c-Cbl E3-ubiquitin ligase-mediated ligand-dependent EGFR degradation (1, 9, 11, 14) . We demonstrated that EGFR downregulation in Pnck-overexpressing HEK-293 cells is due to the One-way analysis of variance followed by Turkey's multiple-comparisons tests were used to determine the statistical significance of differences between groups. *P Ͻ 0.001, statistically significant difference between the compared groups connected with solid lines. B: mutant (T171A) Pnck is unable to induce cellular proliferation. Neo, HA-Pnck, and HA-Pnck-T171A HEK-293 cells were plated (0.5 ϫ 10 6 per dish) in triplicate in 10% heat-inactivated serum containing DMEM and counted after 96 h by hemocytometer. A representative example of three experiments is presented. A P Ͻ 0.05 value was considered significant. Fig. 7 . Pnck promotes transition from the S to G2 phase of cell cycle. A: release from thymidine synchronization. Cells were plated at low density in complete medium and allowed to recover for 48 h. Cells were then synchronized by treatment with 5 mM thymidine for 48 h, after which they were washed twice in complete medium and released in complete medium for the indicated times. Cells were trypsinized, fixed in 75% ethanol, DNA stained with propidium iodide, and analyzed by flow cytometry. B: release from nocodazole synchronization. Cells were processed as in A above, except that synchronization was performed by treatment with 50 ng/ml nocodazole for 16 h.
protea-lysosomal degradation of EGFR (6) . Here we present evidence that suggests that Pnck-induced EGFR degradation probably involves perturbation of the function of the ATPdependent chaperone heat shock protein 90 (Hsp90) complex. Although EGFR biology has been studied extensively, exactly how EGFR is chaperoned by Hsp90 is not clearly understood. It has been shown that mutant EGFR requires Hsp90 protein for chaperoning (25, 57) , and that Hsp90 activity is required during the synthesis of WT EGFR; however, no studies have clearly demonstrated the formation of complexes between Hsp90 and mature WT EGFR. We have been able to partially dissect the process of ligand-independent EGFR degradation through our studies of the novel kinase, Pnck. Pnck, classified as a calcium/calmodulin kinase, by virtue of the presumptive calmodulin-binding domain identified in its primary sequence (13) , is distantly related to calmodulin kinase I (13); however, the homology is limited and is restricted to the catalytic domains of the proteins. Pnck mRNA is upregulated in a subset of epithelial cells in the normal mouse mammary gland during late pregnancy and is associated with these cells exhibiting reduced proliferation and undergoing terminal differentiation (12) . Pnck is also overexpressed in ϳ30% of human breast cancer tissue relative to adjoining benign tissues (12) . However, the function of Pnck in either normal mammary gland or breast cancer is still unknown.
We demonstrated here that Pnck is an Hsp90 client protein that is associated with Hsp90 and which is degraded by treatment of cells with the pharmacologic Hsp90 inhibitor, geldanamycin. The association of Pnck with Hsp90 appears to depend on culture conditions and is strong in cells growing in serum but is largely lost when those cells are placed in serum-free conditions. It is not currently known what causes Hsp90 to associate with Pnck in serum-fed cells; an interesting possibility relates to the abundance of ATP in serum-fed cells that helps clients associate with Hsp90, since it has previously shown lack of ATP results in clients (such as ErbB2) dissociating from Hsp90 and subsequent degradation (45) . Treatment with geldanamycin enhances EGFR degradation in Pnck-expressing cells. Although Pnck is categorized as a calcium/ calmodulin-dependent kinase, on the basis of its homology to other proteins, in our experiments using a specific calmodulin antagonist and a calcium chelator, the effects of Pnck on EGFR levels appear to be calcium/calmodulin independent, at least in HEK-293 cells. We have previously used both of these cellpermeable inhibitors and have demonstrated in similar systems that treatment with the calmodulin inhibitor W-7 produced essentially identical biochemical endpoints to those produced by the direct suppression of calmodulin activity using siRNA- 1-3) or at high cell density (lanes 4-6) in complete medium, allowed to grow for 48 h, and lysed. Equal amounts of total protein were immunoblotted for p53, PCNA, p21, p27, Pnck, and MAPK. B: downregulation of p21/Cip-1/Waf-1 expression by WT Pnck is not due to proteasomal degradation. Neo, HA-Pnck, and HA-Pnck T171A cells were plated and after 48 h were treated without (lanes 1-3) or with 20 M MG-132 (lanes 4-6) for 8 h. Cells were lysed and equal amounts of total protein were immunoblotted for p21, Pnck, and MAPK expression. C: p21/Cip-1/Waf-1 is transcriptionally downregulated by WT but not by T171A Pnck. Neo, WT, and HA-Pnck T171A stable HEK-293 cells were seeded at low density or high density and cultured for 2 days. Expression of p21 mRNA was measured using quantitative real-time PCR and compared with low-density Neo cells. *P Ͻ 0.05 compared with Neo or mutated Pnck (T171A) cells. D: downregulation of basal MAP kinase activity by WT Pnck and its effect on p21/Cip-1/Waf-1 downregulation. Two sets of an equal number of Neo, WT, and HA-Pnck T171A stable HEK-293 cells were plated in complete medium. After 48 h, each set was treated without (lanes 1-3) , or with 10 M PD98059 (lanes 4-6) for 8 h. Cell lysates were immunoblotted for P-MAPK, Pnck, p21, and MAPK. Experiments were repeated three times and a representative experiment is presented. mediated knockdown of the three calmodulin genes (CALM1, 2, 3) (3, 7). Subsequent Pnck mutagenesis and immunokinase assays revealed that Pnck possesses kinase activity, albeit at low levels and low cell density, the conditions under which EGFR degradation takes place. The ability of Pnck to induce EGFR degradation does not, however, appear to depend on the level of Pnck kinase activity since a mutated Pnck protein (T171A) failed to restore EGFR levels to those seen in Neo cells. Although the Thr171 mutation does not make Pnck a kinase-dead protein (as mutation of the ATP acceptor lysine would do), mutation of this activation loop threonine strongly suppressed Pnck kinase activity in an immunokinase assay. Calmodulin kinases are classically thought to be regulated by calcium/calmodulin for full activation but are known to have kinase activity independent of calcium/calmodulin, resulting in autophosphorylation (19) . In fact, Thr286 and Thr196 phosphorylation, in calmodulin kinase II and IV, respectively, generated an autonomous kinase activity which could be further activated by calcium/calmodulin (4, 61) . Pnck-induced EGFR degradation is dependent on cell density, and maximal EGFR degradation was observed at low cell density, with degradation gradually being suppressed with increasing cell density. This inhibition of EGFR degradation with increasing cell density was paralleled with increased levels of HA-Pnck protein. Previously, we observed the proteasomal degradation of Pnck in cells in which EGFR is degraded (6); thus, increased Pnck levels at high cell density could result from the inhibition of proteasomal activity. From the kinase studies we determined that at low cell density, kinase-active Pnck was undergoing degradation in parallel with EGFR and that Pnck destruction was reversed by pretreatment of the cells with the proteasomal inhibitor MG-132, resulting in the accumulation of ubiquitinated phosphoproteins (6) . The apparent instability of Pnck at low cell density could be related to its low level of kinase activity, since higher levels of kinase activity are responsible for conferring Pnck stability. At high cell density, under conditions of high levels of WT Pnck protein and with significant kinase activity present, Pnck did not induce EGFR degradation, again indicating a disconnect between Pnck kinase activity and EGFR degradation. Throughout our studies, we have considered the expression of mature EGFR protein which can subsequently respond to EGF stimulation, and the potential role of Pnck kinase activity on nascent EGFR stability as well as on the stability of other Hsp90 clients remains to be investigated.
The physical association of Pnck with Hsp90 due to its status as a novel client, and previous reports of Hsp90 posttranslational modification, including phosphorylation, that alter its chaperone ability (55) , prompted us to explore the possibility that Pnck regulates the posttranslational modification of Hsp90. An initial clue was obtained from experiments in which a lower electrophoretic mobility was observed for Hsp90 in HA-Pnck cells. Pharmacologic Hsp90 inhibitors regulate client dissociation and degradation predominantly by inhibiting the Hsp90 ATPase activity, known to be required for proper chaperoning of clients by Hsp90. Besides pharmacologic inhibition, ATPase and chaperone activity have previously been shown to be regulated by four types of Hsp90 posttranslational modification, namely, phosphorylation (35, 41, 63, 71) , acetylation (23, 54), S-nitrosylation (32), and ubiquitination (24, 36) . Immunoblotting experiments with Hsp90 immunoprecipitated from Pnck cells using specific antibodies seemed to rule out the possibility that Pnck modulates Hsp90 posttranslational modification by acetylation and S-nitrosylation in HEK-293 cells (data not shown), and so we decided to take a more agnostic approach to identify possible Hsp90 posttranslational modifications caused by Pnck. Using mass spectrometric-based proteomic analysis of Hsp90 isolated from both Neo, Pnck, and mutant T171A Pnck-overexpressing cells, we were able to demonstrate strong Hsp90 phosphorylation at specific residues in Pnck cells but not in the Neo or mutant T171A cells. No other differential posttranslational modification of Hsp90 caused by Pnck expression was observed. Two threonine (Thr89 and Thr616) residues in both Hsp90-␣ and -␤ and one serine residue (Ser391) in Hsp90-␣ were found to be strongly phosphorylated only in Pnck-overexpressing HEK-293 cells and not in Neo or mutant T171A cells. These sites are located at the NH 2 terminus (Thr89), responsible for regulating ATPase activity and geldanamycin binding, in the middle domain (Ser391) and in the COOH terminus (Thr616) responsible for the dimerization (43, 44, 46) of Hsp90, suggesting the possibility of a global Hsp90 conformational change caused by Pnck.
Previous studies have strongly implicated Hsp90 phosphoregulation as an important mechanism for the regulation of Hsp90 client maturation and function. In human cells, protein phosphatase inhibition by okadaic acid increased Hsp90 phosphorylation (2-fold increase in serine and 20-fold in threonine phosphorylation), which in turn inhibited the maturation of v-Src by destabilizing the complex formation between pp60v-Src and Hsp90 resulting in a reduction in the plasma membrane pool of v-Src (35) . Protein phosphatase 5 (PP5) forms complexes with Hsp90 (2, 58, 62), and Ppt1 (yeast homologue of protein phosphatase 5) was shown to be a dedicated regulator of Hsp90 (63) . Yeast strains with genomic deletion of Ppt1 exhibited increased Hsp90 phosphorylation. Hsp90 phosphorylation was also linked with the maturation of reovirus attachment protein 1 which was dissociated following Hsp90 phosphorylation (71) . Functionally, Hsp90 phosphorylation was shown to inhibit ligand-induced transcriptional activity of the Aryl hydrocarbon receptor complex (AhR) (41) . Interestingly, though phosphoregulation of Hsp90 is considered to be an important mechanism regulating client protein maturation, a specific Hsp90 kinase has yet to be characterized in detail. Casein kinase II and double-stranded DNA kinase were previously described as Hsp90 kinases (26, 27, 51) ; however, little further information is available regarding the regulation of Hsp90 by these kinases. It is worth mentioning that using a commercially available phosphospecific Hsp90 antibody (Cell Signaling Technology), we observed constitutive phosphorylation at Thr5 and Thr7, located at the extreme NH 2 terminus of Hsp90 in both Neo and Pnck cells, and no Pnck-specific differential phosphorylation was observed at these amino acids (data not shown). In the current context, Pnck is a candidate kinase that might directly phosphorylate Hsp90 at the sites we have identified by MS studies and thereby regulate its activity. There are, however, several other possible mechanisms by which Pnck might modulate Hsp90 phosphorylation. It is possible that Pnck's effect is indirect and is mediated by a downstream kinase that is activated by Pnck or that is brought into close proximity by Hsp90 through interaction with Pnck. A third possibility is that Pnck inhibits a phosphatase residing within the Hsp90 complex, thereby increasing Hsp90 phos-phorylation, or that it activates a phosphatase which in turn activates a proximal Hsp90 kinase. As mentioned above, the tetratricopeptide repeat (TPR) domain containing protein phosphatase Ppt1 (yeast) and its mammalian homologue PP5 are known to interact with a COOH-terminal Hsp90 TPR-binding motif (2) . This phosphatase was also shown to dephosphorylate an Hsp90 cohort, cdc37, in tumor cells, leading to the downregulation of an Hsp90 client (62) . The possibility that Pnck phosphorylates a co-chaperone besides Hsp90 remains to be investigated. We observed the specific phosphorylation of a protein at ϳ60 kDa that coimmunoprecipitated with WT but not with mutant Pnck (Fig. 5B) ; however, the identity of this protein is currently unknown.
In conclusion, we have described a novel mechanism by which Pnck may be involved in the regulation of cellular chaperones and the consequences on EGFR stability. This work leads us to propose a hypothetical model whereby Pnckinduced Hsp90 phosphorylation mediates the perturbation of the chaperone ability of Hsp90 complex, resulting in the subsequent dissociation and degradation of Hsp90 clients including EGFR and Pnck (Fig. 9 ). Although our study clearly indicates a strong role for Pnck in modulating Hsp90 phosphorylation, several questions remain unanswered at this point. First, it is not clear whether Pnck-induced Hsp90 phosphorylation is the result of a stress response. We do not understand how Pnck is activated in a calcium/calmodulin-independent manner, or to what degree Hsp90 ATPase activity is modulated. Second, it is not known whether Pnck's effect on Hsp90 activity results in general effects on chaperone activity or whether this only impacts selective Hsp90 clients. We were readily able to detect the Pnck-induced Hsp90 phosphorylation by mass spectra analysis in immunopurified Hsp90, suggesting that this phosphorylation is present on the majority of Hsp90 molecules within the cells. If this is the case, one would expect Pnck to affect Hsp90 clients (other than EGFR) associated with different pools of Hsp90 in the cells. Since EGFR expression and degradation are ubiquitous events and Pnck is a nonubiquitous protein, it is likely that the ligand-independent EGFR degradation mechanism(s) other than those mediated by Pnck exist. Third, the biological consequences of Hsp90 phosphorylation, client degradation, and the regulation of MAP kinase activity in human breast cancer, and the true physiological role of Pnck, remain unclear. In our studies we observed strong inhibition of p21/Cip-1/Waf-1 expression in WT Pnck cells which was apparently downstream of basal MAP kinase inhibition, and conversely, p21 expression and MAP kinase activation in T171A mutant cells. Expression of this mutant also failed to increase cell proliferation and cell cycle progression from the S to G 2 phase, and so behaves as a "loss of function" mutant, at least in HEK-293 cells. Our data suggest that the regulation of basal MAP kinase activity and p21 expression by Pnck occurs in an EGFR-independent manner, probably due to additional effects of Pnck on a post-EGFR component of the serum-induced MAP kinase signaling axis. This component of the serum-MAP kinase axis could be identical to the component of the EGFR-MAP kinase axis which is downregulated/ inactivated at high cell density thus inducing strong suppression of EGF-induced MAP kinase activity. Identification of this component is the focus of intense investigation, and we speculate that it is robustly regulated by Pnck in either an Hsp90-dependent or -independent manner. Our observation of MAP kinase activation, p21 upregulation, and the paradoxical inhibition of cell cycle progression in mutant Pnck-expressing HEK-293 cells is consistent with previous observations of calcitonin receptor-induced arrest in HEK-293 cells, involving a similar MAP kinase/p21 signaling axis (10, 48) . MAP kinase activation is classically considered a pro-proliferative event; however, previous observations have indicated that several factors, such as cellular context (normal or transformed) and the intensity and duration of MAP kinase activation, can modulate the biological outcome resulting from MAP kinase activity. Robust activation of Ras or Raf, the upstream proteins in the MAP kinase signaling axis, has been shown to induce cell cycle arrest rather than proliferation in certain contexts, and, furthermore, this arrest is associated with upregulation of p21 expression (47, 56, 65) . On the basis of our observation of prominent regulation of both basal and ligand-induced MAP kinase activity in HEK-293 cells, examination of MAP kinase regulation and biology by Pnck in transformed cells, such as in human breast cancer, is warranted. 
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